The development of novel nanoparticles consisting of both diagnostic and therapeutic components has increased over the past decade. These "theranostic" nanoparticles have been tailored toward one or more types of imaging modalities and have been developed for optical imaging, magnetic resonance imaging, ultrasound, computed tomography, and nuclear imaging comprising both single-photon computed tomography and positron emission tomography. In this review, we focus on state-of-the-art theranostic nanoparticles that are capable of both delivering therapy and self-reporting/tracking disease through imaging. We discuss challenges and the opportunity to rapidly adjust treatment for individualized medicine.
Introduction
The use of nanoparticles in medicine has boomed in the past two decades, and several new nano-based therapeutic and diagnostic imaging strategies have been developed for a variety of diseases and organs. Historically, the concept of nanoparticles can be traced back to Paul Ehrlich, a German immunologist known for his work in bacterial staining, winner of the Nobel Prize in Physiology or Medicine in 1908, and physician-scientist who coined the term magic bullets and initiated the concept of targeted chemotherapy and drug delivery. 1 Then, in 1959, American physicist and Nobel laureate Richard Feynman gave an after-dinner speech at the American Physics Society conference providing visionary examples and benefits of nanotechnology, providing inspiration and igniting the field of nanomedicine. 2 These concepts were then popularized by K. Eric Drexler through the 1981 article in the Proceedings of the National Academy of Sciences article, "Molecular Engineering: An Approach to the Development of General Capabilities for Molecular Manipulation," 3 as well as through other published books. In the 1960s, liposomes were first reported and studied as a nanoparticle drug delivery platform to more efficiently and safely diagnose and treat diseases. 4 These efforts, led by Alberto Gabizon and Yechezkel Barenholz, took many reiterations and trials but came into fruition with Doxil, the first Food and Drug Administration (FDA)-approved nano-drug (1995) used to treat certain types of cancer, including ovarian cancer, AIDS-related Kaposi's sarcoma, and multiple myeloma. 5 Since the 1960s, a myriad nanometer-sized particles that range and vary in composition and physiochemical properties such as size, shape, surface charge, stability, and biodegradability, physiological properties including clearance and biodistribution, as well as targeting moieties and strategies has been designed for both therapeutic and diagnostic function. [6] [7] [8] [9] One feature of nanoparticles is their high surface-to-volume ratio, which enables the surface to be co-functionalized with simultaneous diagnostic and therapeutic formulations. Moreover, many nanoparticles, such as iron oxide, have intrinsic imaging properties themselves and can be further modified for drug delivery and possess multifunctional characteristics. On the flip side, nanomaterials can also have intrinsic therapeutic properties, such as the case with gold nanoshells and their potential to deliver photothermal therapy. 10 The unique opportunities to use nanoparticles for both diagnostic and therapeutic purposes, or "theranostics," will be the focus of this review.
The most basic definition of a "theranostic" nanoparticle is a nanoparticle that has both therapeutic and diagnostic agents on a single platform. Additional meanings of theranostics in general include efforts in the clinic using diagnostic testing for individual patients to develop personalized therapies and can include image-guided surgery and postsurgery evaluation. 11 This can be achieved in 2 ways: (1) therapy followed by diagnostics to test reactions to treat and identify patients in which therapy has an effect or (2) diagnostics followed by therapy to first identify disease type with the ultimate goal of providing personalized therapy for individual patients. Given the recent focus on precision and personalized medicine as well as the advances in nanochemistry and nanoparticle formulations, efforts in the field of dual therapy and imaging have risen, as evidenced by the word theranostics in publication titles totaling just 3 in 2006 to more than 260 in 2016 (Fig. 1) .
Theranostic nanoparticles have been designed for a variety of imaging modalities including optical imaging, magnetic resonance imaging (MRI), ultrasound, computed tomography (CT), and nuclear imaging comprising of both single-photon computed tomography (SPECT) and positron emission tomography (PET). Moreover, therapeutic strategies include (1) combining nanoparticles with various imaging modalities to convert light-sensitive compounds into toxic agents upon exposure of selective wavelengths (e.g., photosensitizers), 10 (2) using the intrinsic properties of the nanoparticle to induce photothermal therapeutic effects, or (3) incorporating small-molecule drugs or biologics into the nanoparticle entity. In this review, we will highlight theranostic nanoparticles of the latter two, in which an imaging modality is combined with either the intrinsic therapeutic properties of the nanoparticle itself or the incorporation of a therapeutic drug into the nanoparticle (Table 1) . Moreover, we pay particular attention to and emphasize those platforms in which self-reporting and disease tracking is possible in real time. For a broader understanding of theranostic nanoparticles, we suggest the following reviews by Janib et al., 12 Ryu et al., 13 and Kelkar et al. 14 Moreover, nanotherapeutics using small interfering RNA (siRNA), 15 polymeric materials, 16 photon upconversion, 11 for photothermal therapy 17 and cancer, 10, 18, 19 can be found in other reviews.
Optical Imaging
Optical imaging is a newly emerging clinical imaging technique for noninvasively looking inside the patient's body and obtaining images that can offer cellular resolution. This technique detects photons emitted in the visible and near-infrared (NIR) range from bioluminescent, fluorescent, or even Raman probes. Unlike x-rays, which use ionizing radiation, optical imaging is considered a safer nonionizing radiation imaging technique that is ideal for repeat imaging procedures and is also relatively cost-effective. Moreover, optical imaging is very amenable to multimodal imaging and extends over a wide resolution and wavelength range, and it is often used in combination with other imaging techniques. In addition, emerging optical imaging techniques such as fluorescence lifetime imaging microscopy can be used to monitor theranostic nanoparticle uptake and drug release. 42 Unfortunately, the drawbacks of optical imaging includes superficial tissue penetration (up to 2 cm) and high background noise due to tissue autofluorescence, absorption by proteins (257-280 nm), heme groups (up to 560 nm), and water (above 900 nm). 12 To bypass these limitations, the NIR range (700-900 nm) has been used for in vivo imaging in many cases in theranostic nanomedicine. [43] [44] [45] Luo et al. 20 reported on self-reporting and self-adapting theranostic nanoparticles based on poly(lactic-co-glycolic acid) for cancer applications. These stimuli-responsive nanomaterials also consist of camptothecin, an anticancer drug; folate for targeting; as well as a caspase-3 activatable fluorescent peptide, dabcyl-KFFFDEVDK-FAM. The fluorescence is turned off due to the fluorescence resonance energy transfer (FRET) effect and is turned on upon reaction with caspase-3, a protease that can monitor the apoptosis effect upon administering the theranostic nanoparticle. HeLa tumor-bearing mice after intravenous injection confirmed the ability for therapeutic monitoring and allowed for semiquantitative analysis for up to 48 h. The authors confirmed these theranostic nanoparticles inhibited tumor volume for up to 15 d, providing the initial report of one single nanoparticle system for cancer cell eradication and rapid response to activated caspase-3 in the apoptosis process to achieve visualized therapeutic self-reporting. Similar FRET approaches have been reported 46, 47 for cancer therapy including monitoring of paclitaxel release from poly(isobutylene-alt-maleic anhydride) nanoparticles by caspase-3. Upon cleaving the peptide sequence Asp-Glu-Val-Asp (DEVD) during chemotherapy-mediated apoptosis, caspase-3 releases fluorescein isothiocyanate that was quenched through FRET by QSY 7, providing feedback and a nanoreporter approach.
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Using optical imaging, others have reported on nanoparticles capable of mRNA detection and regulation. 48 Prigodich and colleagues 22 developed nanoflare gold nanoparticles with antisense oligonucleotides that can target, bind, and detect mRNA of survivin, a gene used in cancer diagnosis and treatment. The gold nanoparticle surface is functionalized with the antisense strand, and complementary Cy5-labeled oligonucleotides are added. In the absence of the target, nanoconjugate solutions exhibit low fluorescence. The addition of the survivin target increases the fluorescence signal as the quenching effect is reversed, and even just one mismatch base pair was found to decrease the signal dramatically, speaking to the precision and specificity of this system. Survivin mRNA detection was semiquantitated in live HeLa cells, showing the development of mRNA-directed theranostics has potential to prevent translation of survivin mRNA.
As mentioned, NIR fluorescence (NIRF) has frequently been used as a strategy to obtain higher spatial resolution and sensitivity, with less absorption and autofluorescence. [49] [50] [51] [52] For example, Choi et al. 23, 24 recently developed theranostic nanoparticles based on poly(ethylene glycol) (PEG)-conjugated hyaluronic acid for colon cancer, previously shown to selectively accumulate in tumor tissue through strong receptor binding to the hyaluronic acid receptor, CD44, which is overexpressed in various cancer cell types. These nanoparticles were labeled with Cy5.5 and loaded with the anticancer drug irinotecan and were found to bind to early-stage colon tumors in orthotopic mouse models. They can provide diagnostic as well as therapeutic monitoring capabilities for up to 125 d. In addition, NIRF has been combined with cell-based or cell-inspired theranostic particles for enhanced therapeutic efficacy and selfmonitoring. 53 Huang et al. 25 developed silica-hyaluronic acid nanoparticles capable of multimodal imaging to label mesenchymal stem cells for tumor targeting. The authors show that nanoparticle delivery is enhanced when internalized within mesenchymal stem cells (MSCs) compared with free nanoparticles because of the tropic and migratory properties of MSCs. Injected intravenously in a glioblastoma model, PET, MR, and optical imaging confirmed homing to tumors for up to 24 h, providing proof-of-concept for future drug-loaded nanoparticle delivery using MSCs.
Because of the photoluminescent properties, quantum dots have also been used as a promising nanomaterial for theranostics using optical imaging. 54 Paul et al. 26 used silicon quantum dots to design a photoresponsive nanocarrier that used o-nitrobenzyl as a phototrigger for controlled release of the anticancer drug chlorambucil. O-nitrobenzyl was chosen as it initially cages the drug and quenches the fluorescence of the silicon quantum dots through a photoinduced electron transfer process, providing an "off" state. Upon irradiation, the drug is uncaged and the fluorescence switched "on," allowing for real-time monitoring of the drug release. Paul et al. 26 showed this ability in vitro using HeLa cells for up to 30 min.
A relatively new optical imaging strategy uses the lightscattering principles as seen in Raman spectroscopy. Raman imaging detects the inelastically scattered photons produced after illumination with a light source (i.e., laser). This Raman effect is rather weak and tends to require a metallic surface to create a plasmon resonance that increases the incident electromagnetic field and in turn enhances the Raman signal by several orders of magnitude (Fig. 2) . This phenomenon is known as the surface-enhanced Raman scattering (SERS) effect. 56 As a result, researchers developed a new metallic nanoparticle intended as a new imaging probe that offered ultrasensitive detection and multiplexing capabilities. 57, 58 The nanoparticle was composed of a unique Raman active layer adsorbed onto a 60 nm gold core with a 30 nm silica shell totaling a diameter of 120 nm. 57 There have been several reports on this new nano-based Raman imaging strategy with varying Raman nanoparticle constructs, showing its vast potential for sensitive cancer imaging since its inception in 2008. [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] More recently, there has been interest in further developing these nanoparticles into theranostic agents by using the intrinsic properties of the gold core to induce photothermal therapy. Sun et al. 27 created a SERS gold nanorod construct that possessed strong Raman signal and high photothermal conversion efficiency. The group functionalized the nanoparticles with epithelial cell adhesion molecule antibodies and showed specific tumor targeting and effective cell killing in humanderived prostate and glioblastoma cell lines. Their "see and treat" strategy involved using the SERS component for imaging of the tumor-targeted nanoparticles and then immediately ablating the area, resulting in image-guided realtime photothermal therapy. Another group recently reported on a different strategy using a branched nanoporous gold nanoshell that has Raman imaging capabilities as well as a synergistic chemophotothermal therapy approach. 28 The chemotherapeutic agent doxorubicin was loaded into the porous nanoparticles, and laser irradiation was shown to trigger drug release. The nanoparticles were further modified with 64 Cu to harness the advantages of imaging with PET. Furthermore, they demonstrated imaging using the photoacoustic properties of the gold. Photoacoustic imaging uses light to excite an area of interest, where the absorption of light causes thermal expansion of the material and as a result acoustic waves that can be detected with an ultrasound transducer. This novel nanoparticle construct clearly demonstrates the multimodal imaging potential for theranostic nanoparticles integrating Raman, PET, and photoacoustic imaging all together. The therapeutic effect using the combined chemophotothermal therapy approach was effective as well. The doxorubicin-loaded gold nanoshells revealed an increased survival rate in mice bearing humanderived glioblastoma xenografts.
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MRI
MRI is a relatively safe medical imaging modality that generates images based on the relaxation properties of the water hydrogen nuclei within an applied magnetic field. Paramagnetic molecules such as gadolinium (Gd) can be functionalized onto nanoparticles to shorten the relaxation parameters (T 1 and T 2 ) of water, or as mentioned above, inherently superparamagnetic iron oxide nanoparticles can act as a drug delivery vehicle for theranostic applications. [69] [70] [71] MRI has relatively good spatial resolution but is limited in sensitivity. 12 Nonetheless, this imaging modality has been applied in theranostic applications including tracking cell therapy as well as monitoring environment-responsive drug release. PEG-grafted-poly(ethylenimine) nanoparticles functionalized with the cluster of differentiation 3, or CD3, singlechain antibody, a T-cell marker, and superparamagnetic iron oxide nanoparticles (SPION) was developed by Guo et al. 29 as a T-cell-targeted theranostic nanosystem to detect acute allograft rejection after organ transplantation. In addition, nanoparticles were complexed with pDNA containing the therapeutic immunosuppressive gene diacylglycerol kinase alpha (DGKα) encoding for the reporter gene, enhanced green fluorescent protein. In rats with cardiac transplantation, the T-cell-targeted theranostic nanosystem localization to T cells was detected using MRI, which reflected the allograft rejection level. Over time, the MRI signal intensity stayed consistent, strongly demonstrating that the therapeutic DGKα gene delivered by the T-cell-targeted nanosystem had effectively suppressed the acute immune rejection in the allograft. Thus, T-cell accumulation significantly declined. These results were confirmed under histology: Phosphate-buffered saline or nontargeted nanoparticle-treated rats had immunorejections featured as significant lymphocyte infiltration in both the myocardium and endocardium, coagulative myocyte necrosis, scattered hemorrhage, and severe vasculopathy compared with targeted therapeutic nanoparticles. The function of the treated hearts was superior, as measured by the heart beating score, providing a novel approach to detecting, treating, and monitoring allograft rejection after cardiac transplantation. Moreover, the potential to monitor loading and packaging of DNA through changes in SPION T 2 relaxivity provides an additional advantage to MRI-based theranostics. 72 In addition to suppressing the immune system, theranostic approaches have also been used to stimulate the immune system. For instance, cell therapy is emerging as a strategy to stimulate the immune response against tumors and other diseases. The success of these treatments partially depends on the accurate delivery of the transplanted cells to target organs. MRI-based cell tracking has typically used contrast agents or tracer agents containing Gd, which causes a decrease in the spin-lattice relaxation time T 1 and thus a localized region of hyperintensity in T 1 -weighted images. 31 In addition, another common approach is the use of iron-based contrast agents such as SPIO that result in a drop in apparent spin-spin relaxation time T 2 * around the agents and creates a region of hypointensity. Using MRI-based cell tracking, monocytederived dendritic cells (DCs) were detected as a measure of monitoring cell therapeutics. 30, 31 Immunotherapy uses antigen-loaded DCs to stimulate T cells in an effort to modulate the immune response and has been proposed as a vaccination strategy. Functionality of DCs and effective migration from the site of injection to the lymphoid organs is a major requirement to stimulate the immune system. To follow DC migration, Crisci et al. 30 labeled monocyte-derived DCs with SPIO particles and tested their ability to elicit functional immune responses in pigs upon exposure to virus-like particles (VLPs) from rabbit hemorrhagic disease virus (RHDV) harboring a T-cell epitope derived from foot and mouth disease virus 3A protein. SPIO-labeled DCs were found to be viable, and their morphology and CD172a, SLAII, CD163, and CD80/86 patterns were similar to non-SPIO-labeled cells, confirming functionality in vitro. Upon exposure to lipopolysaccharide or viral particles, tumor necrosis factor-α levels were also found to be similar to unlabeled cells. DCs were then injected subcutaneously in vivo, and using MRI, DCs were tracked in the lymph nodes. Notably, RHDV-VLP pulsed DCs were found to induce higher numbers of interferon-γ-secreting inguinal lymph node cells against RHDV-3A-VLP compared with unpulsed animals. These results provide one of the first proof-of-principle studies to describe swine DC tracking in vivo and the efficacy of DC-based immunization.
Bonetto et al. 31 also reported the use of MRI for DC tracking, but they used 19 F MRI and showed the ability to directly quantify the number of human DCs using this approach. The benefits of 19 F MRI include higher sensitivity and negligible endogenous 19 F in vivo, allowing for minimal background and noise. Human monocyte-derived DCs were labeled using CS-1000, an aqueous colloidal nanoemulsion of perfluorocarbon polymer, achieved by cell internalization. Cell quantification and a standard curve was derived from T 1 -or T 2 *-weighted sequences and calibrated with 19 F as a reference. With this tool, the authors confirm successful in vivo detection of labeled human DCs in a xenograft mouse model upon subcutaneous injection.
In addition to monitoring cells in vivo, stimuli-responsive nanotheranostics that are able to monitor treatment have been used with MRI. 73 Kaittanis and colleagues 32 developed iron oxide "nanophores" derived from nanoparticles that are clinically approved (ferumoxytol) with various chemotherapeutics, such as taxol and doxorubicin. The loading of drugs increases the nanophores' T 2 and T 1 nuclear magnetic resonance proton relaxation times, which is directly related to the amount of loaded cargo, and at acidic pH 6.8 and 6.0, a rapid decrease in T 2 and T 1 was observed in accordance with the loss of drug release. In the prostate cancer cell line LNCaP, release of doxorubicin or model fluorophores from ferumoxytol dequenched and recovered ferumoxytol's supraparamagentic properties, similar to empty nanoparticles. These findings demonstrated that measurement of relaxation can be used as a measurement of payloads carried by iron oxide nanoparticles. This ability to monitor drug release from nanophores in vivo was confirmed in nude mice bearing tumors. Similarly, Park et al. 72 developed hollow mesoporous Prussian Blue-manganese (Mn) nanoparticles as smart pH-responsive T 1 -weighted MRI contrast agents with ultrahigh longitudinal relativity. A positive correlation between pH-responsive MRI intensity and doxorubicin release was determined, allowing for efficient drug release monitoring via MRI.
Ultrasound
Ultrasound is a safe, cost-effective, and relatively fast imaging modality in which a transducer that emits high-frequency sound waves is placed against the skin, and the echoes from the sound waves reflected back from the internal organs are recorded. 74 To obtain the resolution required to image tissues that are located deeper in the body, intravascular ultrasound can be performed in which an ultrasound unit is mounted on the tip of a catheter and guided into the body. This is an invasive approach, and instead, ultrasound contrast agents that generate gas can be used to improve imaging as they have either different acoustic properties from that of the surrounding tissues themselves or can stimulate an environment with different acoustic properties. 12 To that end, Mohan et al. 33 tested the therapeutic efficacy of doxorubicin-loaded PEG-polycaprolactone micelles stabilized in perfluoro-15-crown-5-ether (PFCE) or perfluoropentane nanoemulsions in combination with sonication. Without ultrasound, micelles accumulated in the cytoplasm of A2780 ovarian cancer cells but did not penetrate the cell nuclei. With the addition of ultrasound, the nanoemulsions converted into microbubbles, allowing for enhanced permeabilization of both plasma and nuclear membranes. Hence, doxorubicin was found to be triggered into the cell nuclei in vitro to a greater effect. Moreover, because microbubbles are several thousand times more reflective than the normal body, the researchers confirmed that this theranostic tool can be used to enhance imaging as well as intracellular drug trafficking.
Gao et al. 34 reported on the use of ultrasound for monitoring oxygen-generating MnO 2 nanoparticles in the context of photodynamic therapy. In photodynamic therapy, an excited photosensitizer produces reactive oxygen species, particularly H 2 O 2 , to induce apoptosis to exposed cells. Because cancer cells normally produce more H 2 O 2 , the authors exploited the high reactivity of MnO 2 nanoparticles to H 2 O 2 and developed oxygen-generating, tumor-targeted nanoparticles to first observe sufficient oxygen generation in the tumor area before initiating photodynamic therapy. The nanoparticles consisted of hyaluronic acid encapsulated with MnO 2 nanoparticles and functionalized with indocyanine green (ICG) used to achieve an NIR laser-activated photosensitizer. Hyaluronic acid was used to improve biocompatibility, tumor targeting via binding with CD44-expression tumor cells, and the release of MnO 2 nanoparticles upon hyaluronidase degradation. Oxygen generation was found with continuous NIR laser irradiation for up to 10 h and enhanced cytotoxicity in the squamous cell carcinoma cell line, SCC7 cells. In SCC7 tumor-bearing mice, an NIR laser was applied 6 h postinjection when nanoparticle accumulation peaked within tumors. Through ICG, oxygen was converted into cytotoxic singlet oxygen, ablating the tumor and showing the potential of these hybrid nanoparticles for monitoring nanoparticles in vivo and image-guided cancer therapy.
Like in MRI, ultrasound has also been used in combination with nanoparticle contrast agents to image cell therapy. Kempen and colleagues 35 developed mesoporous silica nanoparticles loaded with the prosurvival drug insulin-like growth factor to develop a theranostic nanoparticle that could increase cardiac stem cells for treating heart disease. Like microbubbles, the interface between tissue and the silica nanoparticle offers an impedance mismatch and, hence, enhanced cell tracking and molecular imaging in vivo. Moreover, the nanoparticles were also loaded with Gd for use in dual-imaging modalities and for higher resolution in follow-up studies. After nanoparticles were internalized by human bone marrow mesenchymal stem cells, 500,000 nanoparticle-loaded stem cells were implanted into the left ventricle wall of nude mice. Ultrasound images confirmed enhanced backscatter compared with vehicle-only groups, and the authors calculated that cell counts down to 10,000 could be detectable using ultrasounds and 100,000 using MRI. Importantly, the silica nanoparticles degraded within cells within 1 mo and increased stem cell viability and survival up to 40% after 1 wk.
Another novel theranostic approach developed by the Stride group at Oxford University involves using a nanodroplet to microbubble conversion strategy to deliver siRNA therapy. 36 The nano-droplets' core consists of liquid perfluoropentane and magnetic nanoparticles with a shell comprising chitosan-deoxycholic acid conjugates and siRNA, totaling a size of ~257 nm. After exposure to ultrasound, the liquid droplets undergo phase transition to form gas microbubbles on the sizes of 3822 nm. This clever strategy allows for the nanoparticles to circulate for longer periods of time and even extravasate before they take on their larger microbubble form. The magnetic nanoparticles within the complex were used to enhance localization through an externally applied magnetic field. Delivery of siRNA and silencing were successfully demonstrated with a fourfold reduction in cell viability in human-derived breast and lung cancer cell lines. During the ultrasound exposure period, acoustic imaging was also used to estimate the acoustic power of cavitation emissions and monitor the correlation between the energy of these acoustic emissions from the microbubbles and the treatment efficacy.
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Nuclear Imaging
SPECT and PET are nuclear medicine imaging techniques in which radiolabeled tracers, or radionuclides, are injected into the patient to observe physiological processes within the body. Gamma rays emitted by the injected radionuclides are captured using a gamma camera to obtain three-dimensional images. SPECT imaging has been the workhorse of nuclear medicine clinics around the world for the past several decades. It uses relatively inexpensive radionuclides such as technetium-99m ( 99m Tc) that can be freshly extracted from molybdenum-based technetium generators, which are delivered to clinics on a weekly basis.
99m Tc has several favorable properties for nuclear imaging, including its 6 h half-life and its gamma ray emission at 140 keV, which is ideal for the scintillation crystals that comprise the gamma cameras in most clinics. Researchers have stably incorporated 99m Tc radionuclides into liposomal nanoparticles for imaging of cancer and detection of sentinel lymph nodes. [75] [76] [77] [78] [79] [80] [81] [82] Furthermore, Goins and colleagues 77 developed a strategy to encapsulate rhenium-186 ( 186 Re) into a liposomal nanoparticle (Fig. 3) . 186 Re is a great theranostic radionuclide as it has a useful half-life of ~90 h, which is ideal to administer and follow therapy. It also has a therapeutic beta emission of ~1 MeV and a gamma ray emission at 137 keV, which is ideal for nuclear SPECT imaging. The therapeutic beta emission travels a distance of ~1.8 mm, making it possible for the nanoparticles to deliver effective treatment without having to incorporate itself into the cell or even the nucleus. The longer half-life allows for monitoring of the therapy with SPECT imaging for several days postadministration. Researchers have evaluated this nano-based theranostic approach by using a novel intraperitoneal delivery strategy developed to prolong nanoparticle retention in the peritoneal cavity of an ovarian cancer model with encouraging results. 37 This approach is also currently being evaluated in a clinical trial led by Dr. Andrew Brenner 83 to evaluate the maximum tolerated dose, safety, and efficacy of rhenium nanoliposomes in recurrent glioblastoma.
PET is another nuclear imaging technique that uses positron emission to create two 511 keV gamma ray photons that are emitted in opposite directions. These photons are detected simultaneously at 180° from one another within a PET scintillation ring. Although PET suffers from poor spatial resolution, PET is relatively sensitive and is quantitative, making it well suited to evaluate patient response to medical interventions over time. Because of its long halflife (12.7 h) of copper-64 ( 64 Cu), many PET tracers have included this radionuclide because it is short enough to be compatible with rapid pharmacokinetics such as small molecules as well as compatible with the time scales required for optimal biodistribution of slower compounds such as nanoparticles and antibodies. 84 To that end, Li et al. 38 developed integrin αvβ3-targeted T7 phage nanoparticles expressing arginylglycylaspartic acid peptides on its surface and conjugated with a novel bifunctional chelator, 4-((8-amino-3,6,10,13,16,19-hexaazabicyclo [6.6.6] ico-sane-1-ylamino) methyl) benzoic acid (AmBaSar) for 64 Cu chelation with the NIRF dye Cy5.5. The T7 nanoparticles were confirmed to bind integrin αvβ3 via enzyme-linked immunosorbent assays and enhanced internalization to SKOV3 ovarian cancer cells. In mice bearing tumors with integrin αvβ3 expression, radiolabeled phage nanoparticles showed enhanced tumor uptake using microPET over nanoparticles with 1,4,7,10-tetraazadodecane-N,N′,N″,N″′-tetraacetic acid and reached a plateau after 4 h postinjection. Moreover, lower liver uptake was found for nanoparticles functionalized with AmBaSar, confirming that the choice of the chelator can significantly affect imaging results and theranostic capabilities.
Because of the high surface-to-volume ratio of nanoparticles and the advances and sophistication in surface modification, it has become increasingly common to incorporate multimodal imaging capabilities, as is the case with other imaging modalities. England and colleagues 39 developed 64 Cu-labeled reduced graphene oxide (RGO)-based iron oxide nanoparticles capable MRI, photo acoustic imaging, and PET imaging to monitor nanoparticle-mediated drug delivery through the enhanced permeability and retention effect in the context of peripheral arterial disease, specifically for critical limb ischemia. In a mouse model of critical limb ischemia, RGO nanoparticles were found to have the highest accumulation after nanoparticle injection 3 d after surgery, compared with administration at 10 and 17 d, and confirmed that nanoparticle accumulation depends on the extent of ischemia in the hind limb when angiogenesis is the highest. Because RGO nanoparticles absorb light in the NIR, photoacoustic imaging was performed by exciting the nanoparticles with an 808 nm laser. Using photoacoustic imaging, ultrasound waves were used to visualize the legs (brightness mode, B-mode), whereas the photoacoustic transducers and excitation lasers were used to produce a photoacoustic image (photoacoustic mode). The highest photoacoustic signal was found in the ischemic hind limb compared with minimal background single in preinjected hind limbs, further confirming RGO nanoparticle accumulation and its potential for multimodal imaging. The current study provided the groundwork regarding RGO nanoparticles to monitor nanoparticle-mediated drug delivery using PET and photoacoustic imaging. The authors suggest future studies with active targeting elements could further enhance localization of RGO nanoparticles in ischemic tissues.
CT
CT is often used to provide complementary anatomical information alongside other imaging modalities such as PET, which provides information about physiological processes. In CT, computer-processed x-rays are used to produce tomographic images, or "slices," that are compiled to obtain images of anatomical structures. The difference in atomic number and electron density of the tissues results in varying degrees of x-ray attenuation, and hence, nanoparticles containing electron-dense elements with high atomic number such as iodine, bismuth, or gold have been studied as CT contrast agents.
Cy5.5-labeled, glycol-chitosan-coated gold nanoparticles were synthesized and conjugated with fibrin-targeting peptides as a CT contrast agent to visualize cerebrovascular thrombi and guide thrombolytic therapy using tissue plasminogen activator (tPA). 40 tPA is the only FDA-approved therapy for acute ischemic stroke and is used to lyse thrombi. However, the dosing could be personalized such that thrombolysis is effective and hemorrhagic complications are minimized. To that end, Kim et al. 40 used the fibrin-targeting peptides (tyrosine-D-glutamine-cysteinehydroxyproline-L-3-chlorotyrosine-glysine-leucine-cysteine-tyrosineisoleucine-glutamine) on gold nanoparticles and found there were clear differences between targeted and nontargeted nanoparticles on cerebral CT imaging in an embolytic stroke mouse model. Not only was thrombi detected, but the amount of thrombus present was also quantified. Upon administration of tPA, reduced thrombus area was found and post-tPA residual thrombus burden after 24 h correlated with the final infarct size, confirming the success of quantitating thrombolytic therapy.
Bismuth sulfide nanorods were developed by Liu et al. 41 for multispectral optoacoustic tomography and x-ray CT-guided photothermal therapy as a precision cancer nanomedicine. Photothermal therapy employs a light-harvesting agent for localized conversion of NIR light into heat to ablate cancer cells. Using multimodal imaging with the high resolution of CT in three-dimensional tissue reconstruction and the high spatial resolution for soft tissues of multispectral optoacoustic tomography, Liu et al. aimed to provide a theranostic nanoparticle capable of real-time disease diagnosis, guidance to procedures, therapeutic response monitoring, and disease treatment with greater specificity and sensitivity. In vitro, nanorods were steadily internalized for up to 48 h in the murine breast cancer cell line 4T1, and the photothermal effect and cell death increased with increasing nanorods or increasing laser power densities upon irradiation for 8 min. In vivo, tumor-bearing mice injected with nanorods showed enhanced contrast in tumors using multispectral optoacoustic tomography. CT also corroborated these results, and photothermal therapy was performed. The tumor surface temperature increased from 29 °C to 68 °C during the 15 min of laser exposure and stopped tumor growth. Although nanorods were also found to be present in the liver, no toxicity was found, confirming the use of bismuth-based nanorods as theranostic tools for CT and multispectral optoacoustic tomography and directed photothermal therapy.
Future Perspectives
The field of theranostics has inspired the development of several classes of promising therapeutic and diagnostic vehicles. However, to successfully bring these agents to the clinic, a major challenge that has confronted the conventional drug development process must also be addressed. Although a plethora of preclinical studies has demonstrated that nanoparticles can markedly improve treatment efficacy and safety for a wide spectrum of disease indications, the simultaneous functionalization of nanoparticles with multiple agents, such as therapeutic and imaging compounds, presents unique barriers to successful translation. It is important to note that combination therapy with or without the use of nanotechnology creates a drug and dose space that precludes global optimization when conventional drug development methodologies are used. Standard strategies include the use of disease targets to select drug compounds (e.g., siRNA, small molecules) and the use of dose escalation to select the adequate administration parameters in an unmodified or nanotechnology-modified fashion. Although these approaches may result in enhanced preclinical efficacy, there is room for optimization.
A recent clinical study demonstrated that drug synergy and antagonism are dose dependent. 85 This is a major issue that should be considered when designing drug combinations. Drug synergy at the in vitro and preclinical levels may not translate into the clinic. Furthermore, given this information, global optimization is actually a function of simultaneously selecting the right drugs and their respective dose ratios. Unfortunately, this need creates a parameter space that cannot be rationally reconciled using target-based drug selection and dose escalation. 86, 87 In fact, using what is coined phenotypic personalized medicine (PPM), it has been shown that agnostic optimization can result in the best possible treatment efficacy and safety in a mechanism-independent fashion that is applicable to all disease indications and patients. 88 PPM has been successfully applied to nanomedicine drug delivery in the area of nanodiamond-based breast cancer treatment. This study demonstrated that PPM-optimized nanodiamond/ drug combinations outperformed nanodiamond-modified and unmodified monotherapy, as well as arbitrarily designed nanodiamond/drug treatment. Importantly, the measure of efficacy for this study was the difference between the apoptosis of multiple breast cancer lines as well as the viability of multiple control cell lines, demonstrating the multiparametric optimization capabilities of PPM (Fig. 4) . Because PPM has also been validated in the clinic, it represents a translationally relevant technology platform to optimize unmodified and nanotechnology-modified drug delivery and imaging. [90] [91] [92] [93] [94] Moreover, in addition to reconciling the disparity of dosage requirement between diagnostic and therapeutic entities within a single nanoparticle platform, such emerging technologies can be used to reconcile the differences in circulation times that will be needed to realize the potential of theranostic nanoparticles. Phenotypic personalized medicine (PPM) was used to optimize nanomedicine drug combinations. PPM-mediated drug combination design markedly outperformed the efficacy and safety of monotherapy (nano and nonnano) and arbitrary nanomedicine drug combinations. Reprinted with permission from Wang et al. 89 ACS Nano, 9(3):3322-3344. Copyright (2015) American Chemical Society.
